nine-labeled Gl and G2 proteins suggested that most of the complex and intermediate chains were attached to Gl and that most of the high-mannose-type chains were attached to G2.
Uukuniemi virus is an arthropod-borne virus of the Bunyaviridae family (3) . The virions contain 10-nm-long surface projections consisting of two envelope glycoproteins, Gl (molecular weight 75,000) and G2 (molecular weight 65,000), in roughly equimolar amounts (35, 44) . The nucleocapsid contains three unique RNA segments designated L, M, and S (33) , the N protein (molecular weight 25,000) (35, 36) , and the structural L protein (molecular weight 180,000 to 200,000), which is present in minor amounts (R. F. Pettersson, unpublished data). In vitro translation in the presence and absence of dog pancreas microsomes in cell-free reticulocyte extracts suggests that the M RNA segment directs the synthesis of a precursor protein pl10, which is contranslationally cleaved into Gl and G2 (43) . The morphogenesis of Uukuniemi virus and other members of the Bunyaviridae family appears to differ from that of most other enveloped RNA viruses. On the basis of electron microscope studies, it has been suggested that the major site of maturation is not the cellular plasma membrane, but rather the smooth endoplasmic reticulum, particularly the region of the Golgi complex (23, 26, 39, 44, 45 ; for a review, see reference 4). Release of the virions may occur by transport of vesicles containing virions to the plasma membrane, followed by membrane fusion and discharge of the contents of the vesicles into the medium. Because of this unusual site of maturation, we have initiated studies to characterize the structure, synthesis, and transport of bunyavirus glycoproteins. We report here that Uukuniemi virus envelope glycoproteins contain, in addition to high-mannose-type and completely glycosylated complex glycans, a novel type of oligosaccharide, which may reflect the site of maturation of this virus. MATERIAL5 AND METHODS Preparation of radiolabeled Uukuniemi virus. BHK-21 cells grown on plastic bottles (75 cm2) were infected with Uukuniemi virus strain 23 (34) at a multiplicity of 5 PFU/cell. After absorption for 60 min at 37°C, the cells were maintained in Eagle minimal essential medium supplemented with 2% dialyzed calf serum and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer, pH 7.2, at 37°C. At 6 h postinfection the cultures were labeled with 40 ,Ci of D- [2- 3H]mannose per ml (16 Isolation of viral proteins. The viral proteins were isolated by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) in slab gels according to Laemmli (19) , with a 10%o separating gel and a 5% stacking gel, and developed by fluorography, using the method of Bonner (31) . The products were analyzed by gel filtration on Bio-Gel P-6 as described below.
Proteins were eluted from dried gel pieces after SDS-PAGE into 0.2 M sodium citrate buffer, pH 5.5, containing 0.1% Triton X-100 and digested with endoglycosidase H as above. The preparations were dialyzed against 0.1% SDS before analysis in SDS-PAGE.
Gel chromatography. A column (1 by 54 cm) of BioGel P-6 (100 to 200 mesh; Bio-Rad), eluted with 0.15 M Tris-hydrochloride buffer, pH 7.8, containing 0.1% SDS was used for apparent molecular weight estimations. The column was calibrated with radiolabeled thyroglobulin glycopeptides (molecular weight 4,100), lacto-N-fucopentaol (molecular weight 858), and digalactosylglucitol (molecular weight 504) as described (32) .
A column (1 by 16 cm) of Bio-Gel P-2 (100 to 200 mesh; Bio-Rad) eluted with water was used for desalting of preparations. Fractions of 670 al were collected from both columns at room temperature with a flow rate of about 10 ml/h.
Markers for gel chromatography were prepared from known complex pronase glycopeptides of SFV, which have the structure NeuNAcaGal,GlcNAc,Man [1] [2] [3] [4] [5] [6] >Man31-4GlcNAc,1-4(Fuca)GlcNAc-peptide. NeuNAcaGaloGlcNAc,Man a<1-3 Enzyme digetions. Pronase Part of the glycopeptides have more than two NeuNAc-Gal-GlcNAc branches (30, 37) . SFV was grown in BHK-21 cells and labeled with [2-3H] mannose as described (30) , solubilized with SDS, and subjected to pronase digestion (see above). The complex glycopeptides were separated by affinity chromatography on concanavalin A-Sepharose (24 ILI of 0.02 M NaOH in 1 M NaBH4 at 45°C for 17 h. The reaction was stopped with a drop of acetic acid. Strong alkaline hydrolysis was performed in 1 M NaOH in 1 M NaBH4 at 100°C for 4 h in a Teflon tube. The hydrolysate was neutralized with acetic acid and desalted on Bio-Gel P-2. The lyophilized preparation was reacetylated in 1 ml of saturated NaHCO3 containing 50 ,ul of acetic anhydride for 1 h at room temperature and lyophilized. Desialylation was carried out in 150 ,ul of 0.05 M H2SO4 for 1 h at 800C.
Radioactivity was counted in xylene-Triton X-100 scintillation cocktail in a Wallac 81 000 scintillation counter. lized in NCS, and the radioactivity was determined; Gl and G2 contained 38 and 62% of the label, respectively. No 3H label was metabolized to amino acids or other sugars (see Materials and Methods).
RESULTS

Glycoproteins of
Protein-bound glycans. Purified [3H]mannoselabeled Uukuniemi virus was solubilized with 0.1% SDS and digested exhaustively with pronase. Gel chromatography of the mixture of the labeled glycopeptides of Gl and G2 revealed a major peak with an apparent molecular weight of roughly 2,000 (fractions 30 to 34) and another peak of higher-molecular-weight material (fractions 21 to 28) ( Fig. 2A) .
The total glycopeptide preparation was desalted, and samples were subjected to ,-elimination or strong alkaline hydrolysis. O-Glycosidic glycopeptide linkages are cleaved by ,-elimination (8, 11) . Strong alkaline hydrolysis results in cleavage of N-glycosidic glycopeptide linkages between N-acetylglucosamine and asparagine, in deacetylation of acetylated monosaccharides, and in desialylation (20) . Figure 2B shows the gel chromatography profile of the glycopeptides after a-elimination. The apparent molecular weight of the major peak did not change significantly. The glycopeptide preparation subjected to strong alkaline hydrolysis was desalted and reacetylated before gel chromatography. The apparent molecular weight of the major peak was now reduced to about 1,200 (Fig. 2B) , suggesting cleavage of the glycopeptide linkage.
The desalted pronase glycopeptides were digested with endoglycosidase H, which cleaves the linkage between the two core N-acetylglucosamine residues of high-mannose-type glycans (42) . Three categories of products were revealed: large (fractions 21 to 26) and small (fractions 31 to 34) endoglycosidase H-resistant glycopeptides and glycans released by the enzyme (fractions 38 to 43) ( Fig. 2A) . They contained 25, 13, and 62% of the [ H]mannose label, respectively. The three peaks were pooled separately and desalted for further analysis.
Large endoglycosidase H-resistant glycopeptides. The oligosaccharide moieties of the large endoglycosidase H-resistant glycopeptides were degraded stepwise to reveal the sequence of monosaccharides. The gel chromatography profiles of the glycopeptides at each degradative stage were compared with those of complex glycopeptides of SFV; the structure of the intact SFV glycopeptides is mainly (NeuNAc-GalGlcNAc)2(Man)3GlcNAc(Fuc)GIcNAc-peptide, with part of the glycopeptides having more than two NeuNAc-Gal-GlcNAc branches (30, 37) . The intact glycopeptides of Uukuniemi virus had a somewhat larger apparent molecular weight than the SFV glycopeptides (Fig. 3A) . Mild acid hydrolysis reduced the apparent molecular weight of the glycopeptides, indicating the cleavages of terminal sialic acid residues (47) . The products eluted ahead of the desialylated glycopeptides of SFV (Fig. 3A) . Desialylation exposed galactose residues, as evidenced by affinity chromatography on RCA-Sepharose.
RCA binds terminal P-galactose residues (2, 27).
The intact glycopeptides were not bound to the lectin, but were recovered in the void volume with sugar-free buffer (Fig. 4A) . After desialylation, about 35% of the label was bound weakly (fractions 7 to 18) and about 52% was bound strongly (fractions 19 to 28) to the lectin, eluting off only with 0.1 M galactose (Fig. 4B) . After desialylation, the glycopeptides were desalted and digested with ,B-galactosidase. Now the affinity for RCA was completely abolished (Fig.  4C ), indicating loss of the galactose residues. After removal of the sialic acid and the galactose residues, the glycopeptides were digested with P-N-acetylglucosaminidase. A heterogeneous major peak and a minor peak were gener-VOL. 41, 1982 ated (Fig. 3A) . This material eluted again with a larger apparent molecular weight in gel chromatography as compared with the SFV glycopeptides treated in the same way. After N-acetylglucosaminidase digestion, the glycopeptide preparation was treated with mannosidase (the enzyme preparation contains both a-and 1-mannosidase activity). Gel chromatography showed (Fig. 3B ) that almost all of the label was converted to [3H]mannose. It thus appears that the preceding stepwise release of sialic acid, galactose, and N-acetylglucosamine had been nearly complete.
After release of the NeuNAc-Gal-GlcNAc branches, the preparation (both peaks in (Fig. 3B) . The product eluted in gel chromatography like the core tetrasaccharide (Man)3GlcNAc of SFV glycopeptides. Thus, the heterogeneity of the glycopeptide preparation apparent after N-acetylglucosaminidase digestion (Fig. 3A) , as well as the larger size of Uukuniemi glycopeptides as compared with the corresponding SFV glyco- peptides, was not due to the glycan moiety, but rather to the peptide moiety.
The above data suggest that part of the protein-bound glycans of Uukuniemi virus were complex oligosaccharides consisting of NeuNAc-Gal-GlcNAc branches attached to a core consisting most probably of three mannose and two N-acetylglucosamine residues. The number of branches was studied by affinity chromatography on concanavalin A-Sepharose. Figure 5A shows the elution pattern of the intact glycopeptides. About 18% of the [3H]mannose label was not retained by the lectin, but eluted from the column with sugar-free buffer; 72% was bound weakly and could be eluted off the column with 5 mM a-methylmannoside. Concanavalin A differentiates glycans according to the substitution pattern of the two core a-mannose residues. Complex chains with two branches where the two a-mannose residues are substituted at position C-2 exhibit weak binding; if either or both a-mannose units are substituted also at other positions, which is the case in multibranched glycans, affinity to concanavalin A is lost (1, 18) . Thus, about 80% of the complex glycans of Uukuniemi virus appeared to have two NeuNAc-Gal-GlcNAc branches, and about 20%o appeared to have more than two such branches. Taken together, our results suggest that the complex glycans had mainly the follow- Fig. 2A, fractions 31 to 34) were analyzed by affinity chromatography on concanavalin A-Sepharose. About one-third of the material exhibited weak, and the rest of the material high, affinity binding to the lectin (Fig.  5B) . This suggests that the glycopeptides contained a mannosyl core (1, 18) . Mannosidase digestion reduced the size of most of the material and released at the same time about 35% of the label as [3H]mannose (Fig. 6A) . Most of the material was also susceptible to P-N-acetylglucosaminidase digestion, since the apparent mo- (Fig. 6A) . The glycopeptides eluted now in about the same elution volume as the SFV complex glycopeptide core (Man)3(GlcNAc)2-peptide. Double digestion with mannosidase and N-acetylglucosaminidase hydrolyzed about 58% of the glycopeptides to [3H]mannose (Fig. 6B) . The results suggest that the glycopeptides had a mannosyl core with one branch terminating in N-acetylglucosamine and one terminating in mannose. About 42% of the glycopeptides were not hydrolyzed completely by double digestion with mannosidase and N-acetylglucosaminidase; however, the apparent molecular weight was reduced. This material was blocked from further hydrolysis even when P- Endoglycosidase H-susceptible glycopeptides. The glycans released from the original glycopeptide mixture of Gl and G2 by endoglycosidase H had an apparent molecular weight of about 1,000 ( Fig. 2A, fractions 37 to 43) . Strong alkaline hydrolysis yielded after reacetylation a major peak with an apparent molecular weight of about 1,200 (Fig. 2B) . Thus, based on size, the original high-mannose glycan had two core N-acetylglucosamine and, on the average, roughly five mannose units.
The endoglycosidase H-released high-mannose-type glycans were digested with mannosidase. Most of the material was converted to
[3H]mannose (Fig. 7) . N-acetylglucosaminidase together with mannosidase yielded a similar gel chromatography profile. Thus, most of the highmannose-type glycans consisted of only mannose, in addition to the two core N-acetylglucosamine residues.
When the high-mannose-type glycans were chromatographed on concanavalin A-Sepharose, they could be eluted off the column only by 200 mM a-methylmannoside (Fig. 5C ), a typical feature of this kind of glycan (1, 18) . Thus, the structure of the Uukuniemi virus highmannose-type oligosaccharides is suggested to be (Mana)35ManI3GlcNAcPGlcNAc-peFptide.
Glycans of isolated Gl and G2. The [3 S]methionine-labeled proteins Gl, G2, and N were separated on SDS-PAGE, eluted from the gels, and digested with endoglycosidase H. The digests were dialyzed against 0.1% SDS, lyophilized, and analyzed on SDS-PAGE. The enzyme digestion did not affect the mobility of Gl (Fig.  8, lanes b and c) . However, G2 was digested significantly (Fig. 8, lanes d and e) . The products were resolved into several bands. The basis of this heterogeneity is not clear. Digestion of the non-glycosylated N protein served as a negative control for protease activity in the endoglycosidase H preparation. After digestion, the N protein migrated in SDS-PAGE with the same apparent molecular weight as authentic N, shown in lane b of Fig. 1 (data not shown) . No radioactivity was released during the digestion, indicating the absence of proteases.
As mentioned above, Gl 41, 1982 the pronase glycopeptides were resistant to felimination, which cleaves O-glycosidic glycopeptide linkages (8, 11) . Characteristically, the glycans could be released from the peptide moiety by strong alkaline hydrolysis (20) . We found three categories of glycopeptides in the pronase digest of whole virions: large and small endoglycosidase H-resistant glycopeptides and endoglycosidase H-susceptible glycopeptides. The large endoglycosidase H-resistant glycopeptides contained complex glycans probably having mainly two NeuNAc-Gal-GlcNAc branches attached to a core (Man)3(GlcNAc)2-peptide. The number of the branches was studied by affinity chromatography on concanavalin A-Sepharose, which differentiates glycans according to the substitution pattern of oa-mannose residues (1, 18) . The monosaccharide sequence was revealed by degrading the glycans specifically in a stepwise manner with mild acid to hydrolyze sialic acid residues and with ,B-galactosidase, ,-N-acetylglucosaminidase, and aand ,-mannosidase.
The glycans of the glycopeptides susceptible to endoglycosidase H digestion were composed of roughly five mannose residues attached to a core consisting of two N-acetylglucosamine units. The complex and the high-mannose-type glycans of Uukuniemi virus envelope glycoproteins appeared to be similar to those found in vesicular stomatitis virus (10, 38) , Sindbis virus (7), and SFV (29, 30, 37) envelope glycoproteins, as well as in many soluble cellular glycoproteins (for a review, see reference 16).
The small glycopeptides which were resistant to endoglycosidase H digestion appear to have a mannosyl core, since they exhibit affinity to concanavalin A (18) . Separate and double digestions with mannosidase and N-acetylglucosaminidase suggested that in 58% of the material one branch of the glycopeptides terminated in mannose and one in N-acetylglucosamine. The primary glycan attached to the nascent envelope proteins of vesicular stomatitis virus and Sindbis virus in the rough endoplasmic reticulum has mainly the structure (Glc)3(Man)9(GlcNAc)2 (14, 22) . During transport of the glycoproteins from the rough endoplasmic reticulum to the site of maturation at the plasma membrane, the primary glycan is processed to yield ultimately complex oligosaccharides with two or three NeuNAc-Gal-GlcNAc branches attached to a core with the structure Manal-6(Manal-3)Manp1-4GlcNAc1-4(Fucal-6)GlcNAc-peptide. The processing begins with the excision of the glucose residues. Then, part of the mannose residues are cleaved off to expose Manal-6 of the core glycan, followed by the addition of one distal N-acetylglucosamine residue. Then, more mannose is hydrolyzed to expose Manal-6 of the core glycan, and another distal N-acetylglucosamine unit is added (12, 13, 15, 17) . The chains are completed by the addition of one more N-acetylglucosamine, as well as galactose, sialic acid, and fucose. The high-mannose-type chains appear to be intermediates on the biosynthetic pathway from the primary glycan to complex ones (21) . Several hydrolases and glycosyltransferases relevant in this processing, except for at least one glucosidase, have been found to be enriched in the Golgi complex (6, 25, 28, 40) . When the transport of the envelope glycoproteins of SFV is arrested by the ionophore momensin in the Golgi complex, part of the glycans have structures probably representing processing intermediates from high-mannose-type glycans to complex chains (M. Pesonen 
